Abstract. The atomic pair distribution function (PDF) approach has been used to study the local structure of liquids, glasses and disordered crystalline materials. In this paper, we demonstrate the use of the PDF method to investigate systems containing a crystalline and an amorphous structural phase. We present two examples: Bulk metallic glass with crystalline reinforcements and Fontainebleau sandstone, where an unexpected glassy phase was discovered. In this paper we also discuss the refinement methods used in detail.
Introduction
The understanding and possible prediction of interesting macroscopic properties of modern materials relies heavily on the precise knowledge of their atomic structure. For more than 100 years, crystallographic methods have allowed us to extract structural information from Bragg reflections. Remarkable progress in crystallography allows for the structures of complex biological molecules, such as proteins, to be routinely solved. At the same time the growing complexity of materials has shown limits of the crystallographic approach since it only yields the average structure of the material as it is based on the analysis of Bragg intensities. However, deviations from the average structure result in diffuse scattering which in general contains two-body atomic correlations and thus holds the key to the defect or local structure of the material. Diffuse scattering is in fact the topic of this special issue of Zeitschrift für Kristallographie. One approach to unravel the defect structure is the study of single crystal diffuse scattering which is covered in some of the other papers in this special issue and also in detail in two recent books by Nield and Keen (2001) and Welberry (2004) . More information as well as all the software used in the analysis presented in this paper can be found at Billinge and Proffen (2004) .
We use the pair distribution function (PDF) approach to study the local structure of materials. The PDF is obtained from a total scattering powder diffraction pattern via a Fourier transform. Since the total scattering pattern is composed of Bragg as well as diffuse scattering contributions, it contains local, medium range and long range structural information. Details about the method and its application to disordered materials can be found in a recent review . In previous papers, we have investigated the application of the PDF method to study chemical short-range order (Proffen, 2000; Proffen et al., 2002b) and the study of domain structures using PDF (Proffen und Page, 2004) . In this paper we continue this series of systematic investigations of the PDF method and ask the question, how can the PDF method be applied to systems where crystalline and amorphous structural phases co-exist?
The PDF method Before discussing the specific application to materials containing amorphous and crystalline phases, we give a short summary of the PDF method from carrying out the experiment to data modeling. Many more details about the PDF method as well as its application can be found in the book by Egami and Billinge (2003) .
As mentioned above, the PDF, GðrÞ, is obtained via the Fourier Transform of the total diffraction pattern as indicated below,
where qðrÞ is the microscopic pair density, q 0 is the average number density and Q is the momentum transfer (Q ¼ 4p sin ðQÞ=l). SðQÞ is the normalized structure function determined from the experimental diffraction intensity . All data presented in this paper were collected on the recently upgraded high resolution neutron powder diffractometer NPDF (Proffen et al., 2002a) at the Lujan Neutron Scattering Center at Los Alamos National Laboratory. The data are corrected for detector deadtime and efficiency, background, absorption, multiple scattering, inelasticity effects and normalized by the incident flux and the total sample scattering crosssection to yield the total scattering structure function, SðQÞ and subsequently GðrÞ. Data processing was carried out using the program PDFgetN (Peterson et al., 2000) . Having obtained the experimental PDF, one usually wants to refine a structural model. Two approaches can be taken: In cases where the disordered model requires a large number of atoms, typically tens of thousands, the Reverse Monte Carlo technique (McGreevy and Pusztai, 1988) can be used to match a structural model containing many atoms to an experimental PDF. A comprehensive summary of the method applied to crystalline materials is given in Tucker et al. (2001) . In cases where a smaller local structural picture is sufficient, least-squares full profile refinement of the PDF can be used to obtain a structural description. This is the approach we use in this paper. Considering the PDF is related to the bond length distribution of the material weighted by the respective scattering powers of the contributing atoms, it can easily be calculated using the relation
where the sum goes over all pairs of atoms i and j within the model crystal separated by r ij . The scattering power of atom i is b i and hbi is the average scattering power of the sample. In a multi phase system, the total PDF is
where G p ðrÞ is the PDF of the structural phase p and the sum goes over all phases p present in the model. It should be noted, that this assumes that the size of each phase is large compared to the range r refined. To account for the cutoff of SðQÞ at Q max , the calculated function GðrÞ is then convoluted with a termination function, sin ðQ max rÞ=r. Refinements presented in this paper were carried out using the program PDFFIT . The program allows structural parameters such as lattice parameters, anisotropic atomic displacement parameters, position and site occupancies to be refined. Even though this is similar to the results of a Rietveld refinement, one needs to realize that the structural model obtained is strictly only valid for length scales corresponding to the r-range used for the refinement. This opens up the possibility to study the local structure on different length scales by varying the r range refined. In addition to structural parameters, there are two other corrections to the calculated PDF: First the finite resolution, DQ of the instrument leads to a dampening of the PDF intensities by exp ðÀDQ 2 r 2 =2Þ. The second correction accounts for changes in the PDF peak width.
The PDF peak width for a pair of atoms i and j is calculated as 
The first term s 0 ij is the PDF peak width of the structural component due to the atomic displacement parameters. The next two parameters, d and g, determine the sharpening of near neighbor PDF peaks due to correlated motion, in other words the tendency to move in phase (see Jeong et al. (2003 Jeong et al. ( , 1999 ). Finally the parameter a determines the PDF peak broadening at very high distances r due to the instrument resolution.
Example I: Bulk metallic glass composite
Recently developed bulk metallic glass (BMG) alloys (Peker and Johnson, 1993) have attractive mechanical properties for structural applications: yield strength around 2 GPa, fracture toughness above 20 MPa ffiffiffi ffi m p , good corrosion resistance and specific strength (Gilbert et al., 1993; Bruck et al., 1994; Waniuk et al., 2001) . Unfortunately, BMGs fail catastrophically by formation of macroscopic shear bands during unconstrained deformation at room temperature (Gilbert et al., 1993; Bruck et al., 1994) . To avoid this failure mode, BMG matrix composites have been developed where the reinforcements appear to inhibit the formation of a single, catastrophic shear band (Conner et al., 1998; Choi-Yim et al., 1999; Szuecs et al., 2001; Hays et al., 2001) . However, the BMG matrix composites are then subject to development of residual and internal stresses due to the differences in material parameters between its constituents, as is the case for all composites. Several studies have sought to elucidate the residual stresses and the development of internal stresses during loading using a combination of diffraction techniques and modeling (Dragoi et al., 2001; Balch et al., 2003; Clausen et al., 2003) . The amorphous structure of the BMG does not lend itself to classical elastic powder scattering as it does not give rise to Bragg diffraction peaks. Therefore the previous determination of internal stresses in the BMG matrix composites have been based upon measurements in the crystalline second phase and model predictions for the BMG. In the present work we have employed the PDF method to obtain information from both the crystalline second phase, in this case tungsten particles, and the BMG matrix. The Vit106 # BMG alloy was used as a matrix material for composites. Ingots of the alloy were prepared by arc melting a mixture of the elements having a purity of 99.7 at% or better. In order to fabricate particulate composite with high volume fraction, particles were placed in the sealed end of a 10 mm I.D. 304 stainless steel tube, which was necked at 2 cm above the reinforcement, and ingots of the matrix material were put into the tube above the neck. The volume fraction of tungsten particles was 60% AE 2.5%, and average particle size was about 80 mm (Fig. 1) . The sample preparation procedures are described in detail in the paper by Choi-Yim et al. (2002) .
Two samples were measured on NPDF: Pure Vit106 # bulk metallic glass and a composite of Vit106 # and 60% tungsten particles. The samples were measured for 11 and 16 hours respectively. The resulting reduced structure functions FðQÞ ¼ Q½SðQÞ À 1 are shown in Fig. 2 . The upper curve shows the data for the composite sample and it is clearly dominated by the crystalline diffraction pattern of tungsten. The lower curve shows the data for the pure glass, obviously showing no Bragg peaks. The data were terminated at Q ¼ 35 A À1 to obtain the corresponding PDFs, GðrÞ (Fig. 3a) . Next a model of crystalline tungsten was refined and the result is shown in Fig. 3a . The space group is Im3m, the refined lattice parameter is a ¼ 3:1684ð1Þ A and the atomic displacement parameter is hu 2 i (W) ¼ 0.002574 A 2 . Closer inspection of Fig. 3a reveals significant differences between the calculated and observed PDF at low distances r. This is evident in the difference curve shown as solid line below the data and refinement in Fig. 3b . This difference curve follows the experimental PDF of the pure Vit106 # glass shown in Fig. 3c . These data were scaled by the volume fraction of 40% and its agreement with the difference curve or the PDF intensities not accounted for by the crystalline tungsten is quite remarkable. At this point we see the amorphous component of the composite material, but the next step is to model the amorphous component or even the composite as a whole. This is part of our ongoing efforts.
Example II: Evidence for vitreous silica in sandstone
The previous example illustrated that we can in fact separate the crystalline and amorphous components in the PDF. In this example we present a quantitative analysis of PDF data of Fontainebleau sandstone, where an unexpected amorphous phase was discovered. Here we focus on the modeling aspects, for more details see Page et al. (2004) .
Crystallographically the structure of many consolidated sandstones appears to be mainly quartz. However, peculiar nonlinear properties have been observed in sandstone (TenCate and Shenkland, 1996; Darling et al., 2004) , that are not found in pure quartz. We carried out PDF measurements in an effort to find a local structural explanation for these properties. Measurements were carried out on a cylindrical piece of Fontainebleau sandstone, approximately 50 mm high with a diameter of 9 mm, sealed in a vanadium can. The measuring time was 24 hours which resulted in very high quality data. As a first step we preformed Rietveld refinements using the GSAS package (Larson and von Dreele, 2000) . The result is shown in Fig. 4 and the refined structural parameters are listed in Table 1 . The resulting structure is in good agreement with literature values. Inspection of Fig. 4 also reveals that there are no additional Bragg peaks present, in other words the average structure of the Fontainebleau sandstone is pure crystalline quartz. One might note the modulation of the background visible at low values of d in Fig. 4 . Next the data were processed to obtain a reduced structure function FðQÞ ¼ Q½SðQÞ À 1 (Fig. 5) . Note that FðQÞ above Q ¼ 20 A À1 is enlarged by a factor of three. The high quality or low noise level of the data is easily visible. In addition a significant modulation of the scattering data at high Q can be observed. The data were terminated at Q max ¼ 40 A À1 to obtain the corresponding PDF shown as crosses in Fig. 6 . The solid line in the top panel of Fig. 6 corresponds to a refined crystalline quartz model over the range of 1 < r < 20 A. These refinements started from the structural result of the Rietveld refinement. Then a scale factor, lattice parameters and atomic displacement parameters were refined using PDFFIT. The final values are listed in the left column of Table 2 . Two observations can be made from inspecting the top panel of Fig. 6 : First the agreement between model and experimental PDF at distances with r > 3 A is excellent and secondly the agreement for r < 3 A is very poor. This is also reflected Analysis of materials containing crystalline and amorphous phases in the weighted R-value, R wp , listed in Table 2 for the different ranges. To further investigate this behavior, we carried out identical refinements for two additional refinement ranges of 3 < r < 20 A and 1 < r < 3 A shown in the center and bottom panel of Fig. 6 . In this case, the agreement between model and data is good over the refined range, but poor outside it. Structural parameters as well as R-values for all three r-ranges are listed in Table  2 . Obviously, the crystalline quartz model cannot describe the observed PDF of our sandstone over the complete distance range. However, the differences manifest themselves in an excess intensity of the first two PDF peaks, corresponding to the nearest Si--O and O--O distances. This is also confirmed when studying the scale factors for the different refinement ranges. If just the region containing the first two peaks is refined, the scale factor is one (Table 2) as expected for properly normalized data. However, for the range 3 < r < 20 A the scale factor needed to match the observed data is 1.1, and a good agreement between observed and calculated data is achieved over both regions. This in fact rules out local distortions or thermal diffuse scattering (TDS) as explanation since this type of disorder influences the shape and position of PDF peaks, but the total number of contributing atom pairs is conserved with respect to the perfect crystal. In other words no change in scale factor would be seen. The effect of TDS manifests itself in significantly smaller atomic displacement parameters, hu 2 i, when refining only over the range 1 < r < 3 A, accounting for correlated motion as discussed earlier. Chemical short range order on the other hand changes the intensities of certain PDF peaks Proffen 2000, but differently on the first and second PDF peak. This again is not what we observe. A possible explanation is offered, by assuming that approximately 10% of the SiO 4 tetrahedra do not participate in the crystalline long range ordered phase and consequently are not present in the observed PDF peaks above r > 3 A. This is also consistent with the modulation observed at high Q. The nearest Si--O distance of about 1.6 A results in the modulation in Q of 2p=1:6 ¼ 3:9 A À1 that can be observed in FðQÞ ¼ QðSðQÞ À 1Þ in Fig. 5 . The next step is the refinement of a two phase structural model to account for the extra PDF intensities at low r values. The simplest approach is to construct each phase from the crystalline structure of quartz. However, to account for the missing long range order, one of the phases creates correlations only out to a cutoff value, in this case r cut ¼ 3 A. For the crystalline phase with correlations over the complete fitting range, we used the PDF refinement result obtained for 3 < r < 20 A (see Table 6 ). Only a scale factor and the correlated motion parameter d were allowed to refine. For the amorphous phase with correlations only out to r cut ¼ 3 A, we refined all structural parameters except the atomic positions. The refinement is shown in Fig. 7 and the resulting parameters are listed in Table 3 . First we observe that for the range 3 < r < 20 A the refinements yields the same agreement of R wp ¼ 9:6% as for the single phase refinement over the same range. Considering we only varied the scale and the parameter d, this is expected. The significant improvement is seen in the low r range and overall the refinement has improved from R wp ¼ 20:6% for the single phase model to R wp ¼ 12:6% for the two phase model. From the Si--O bond lengths listed in Table 3 we see that the two phases are structurally very similar. The scale factors result in a phase fraction of the amorphous phase of 9.3%. However, closer inspection of Fig. 7 shows that despite the large improvement by adding a second phase, the low r region of the experimental PDF is still not modeled as well as R wp ð1À20 AÞ 12.6 % R wp ð3À20 AÞ 9.6 % the data at r > 3 A. This is most likely due to the lack of the model to account for the more complicated correlated motion present in a SiO 4 tetrahedra. Several tests with different models for the correlated motion in the amorphous phase (see Eq. (4)) resulted in similar results, however, the corresponding scale factors yielded phase fractions between 5 to 10%. Regardless, these two phase refinements provide clear evidence for an amorphous silica phase present in Fontainebleau sandstone. Obtaining more detailed quantitative information regarding phase fractions as well as structure requires more development of our modeling techniques, specifically related to the modeling of correlated motion. These developments are currently under way.
Summary
There are plenty of examples of the PDF technique being applied to disordered crystalline materials, glasses as well as liquids. In this paper we have addressed the question how the PDF method can be used to extract information about systems that contain crystalline as well as amorphous structural phases. In the case of the reinforced BMG we demonstrated that the crystalline phase consisting of tungsten particles and the glassy BMG phase can be separated. This opens the door to the study of the atomic structure for the two components individually and experiments are planned to use the PDF technique to look at the structural response of both phases to external loading. In the second example, we showed structural refinement results of an unexpected two phase system, Fontainebleau sandstone. This was thought to be pure crystalline quartz, but using the PDF technique clear evidence of a amorphous silica phase was found and modeled using two phase refinements. One problem, however, especially in more complex systems is to answer the question if certain features observed in the PDF indeed point to an amorphous contribution or are they in fact related to disorder in the crystalline phase? In our two examples this question was relatively easy to answer: In case of the BMG the material was know to contain a glassy and a crystalline phase. In case of the sandstone, the type of deviations from the crystalline model observed in the PDF are inconsistent with types of disorder that could be present in quartz. In general, however, complementary techniques such as electron microscopy or single crystal diffraction might be needed to really understand the local structure of the material. Finally we like to draw the readers attention to the fact that total scattering or the PDF technique provide a method to unravel the atomic structure of materials ranging from liquids, over glasses to disordered crystalline materials as well as mixtures thereof as shown in this paper. The authors are convinced that the PDF method will become the structural tool of choice for complex materials.
